Abstract. Determination of the expression level and localization of extracellular matrix (ECM) components is crucial for understanding the mechanism of maintenance and remodeling of the ovarian follicle structure. Previously, we demonstrated species-specific differences in the process of apoptosis in granulosa and theca cells during follicular atresia. In the present study, we histochemically compared the localization of type I, III and IV collagens and the expression of their mRNA. In healthy porcine or bovine follicles, type III and IV collagens were mainly distributed in theca interna layers, and strong to moderate expression of their mRNAs were observed in granulosa and theca interna layers, respectively. During follicular atresia, marked decreases in type I and IV collagens were observed in porcine follicles, while no changes were seen in bovine follicles. These findings indicate that these ECMs have important roles in follicular development and/or degeneration, and that species-specific differences in their production reflect differences in the regulatory mechanism of granulosa cell apoptosis between atretic porcine and bovine follicles.
very estrous cycle, more than 99% of ovarian follicles undergo atresia at various stages of development in mammalian ovaries. Follicular atresia plays a critical role in the selection of ovulated follicles, but the cellular and molecular mechanisms underlying this process are not well understood. Recent findings have suggested that apoptosis is the mechanism underlying ovarian follicular atresia. Our previous studies of follicular atresia in porcine ovaries demonstrated that degeneration of the atretic follicles can be explained partly by apoptosis of granulosa cells, and that apoptosis occurring in granulosa cells is an initial symptom of follicular atresia, but no apoptosis is seen in oocytes and cumulus cells at the first stage of atresia [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Previously, we showed that there are species-specific differences in the processes of apoptosis in granulosa and theca layers during follicular atresia in porcine and bovine ovaries [11] . In porcine ovaries, granulosa cells located on the inner surface of the granulosa layer appeared to undergo apoptosis at the first stage of follicular atresia, followed by neighboring granulosa cells. In contrast, granulosa cells located in the middle region appeared to undergo apoptosis at the first stage of follicular atresia in bovine ovaries. In both porcine and bovine ovaries, detachment and d e g e n e r a t i o n o f t h e g r a n u l o s a l a y e r a n d fragmentation of the basement membrane (BM) occurred in the follicles at the advanced stage of atresia. In the ovaries of both species, theca interna cells were still intact at the stage of early atresia and then apoptotic cells appeared in the late to final stages of atresia, but no apoptotic cells were observed in theca externa layers during follicular atresia. These findings indicate that the apoptosis inducing factor(s) and/or survival factor(s) for granulosa cells may be different between porcine and bovine ovaries.
Extracellular matrix (ECM) components play important roles in the maintenance of homeostasis of organs and cells [12] . The relationship between ECM and cells that adhere to it can play important regulatory roles in many basic cellular processes by i n f l u e n c i n g e n z y m e a c t i v i t y [ 1 3 , 1 4 ] a n d phospholipid metabolism [15] , and by modifying transcriptional and transitional activities of the cell [16] . These regulatory influences can control key events in the life of a cell, such as cell shape, deformation and motility, cell proliferation, growth and differentiation, and cell survival and death [17] [18] [19] [20] [21] . Disruption of existing cellular interactions with ECM, due to experimental, pathological or normal physiological changes were also shown in early studies to be closely linked to changes in the functional capacity of cells. Early investigations [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] showed that cell-ECM contact is closely linked to cell growth and cell death, and that the relationship between substratum contact and cell growth a nd dif ferentia tion is positive f or nonpathological cells. The BM, which mainly consi sts of ty pe IV collag en, l ami ni n and fibronectin, makes direct contact with epithelial cells and has various prominent roles such as p o l a r i z a t i o n o f c e l l s , i n d u c t i o n o f c e l l differentiation, support of cell movement, and maintenance of metabolism and structure [22] [23] [24] . Previously, we histochemically demonstrated the changes in the follicular BM, i.e. type IV collagen, laminin and fibronectin, during follicular atresia in porcine ovaries [25] . At the first stage of atresia, granulosa cells make tight contact with intact BM. In follicles at the advanced stage of atresia, detachment and degeneration of the granulosa cell layer and fragmentation of BM occurred. Finally, intermittent structures of BM and subsequent invasion of macrophages and fibroblasts were observed. Moreover, we immunohistochemically investigated expression of the cell adhesion molecules, "classic" cadherins and β-catenin, in developing and/or atretic follicles of porcine ovaries [26] . Healthy follicles showed strong staining for cadherin-8 and β-catenin in granulosa cells tightly attached to the BM, and moderate/ weak staining was seen on the inner surface of the granulosa layer. However, the levels of expression of cadherin-8, β-catenin and VE-cadherin decreased during follicular atresia, indicating that cadherin-8, N-cadherin and VE-cadherin have important roles in follicular development and degeneration, and that decreases in the expression of these cadherins are involved in follicular atresia. These findings indicate that ECM components of follicular BM act as survival factors on follicular granulosa cells.
Although there have been many studies of the physiological roles of ECM components (type I, III and IV collagens, laminin, fibronectin etc.) in follicular growth and ovulation, the production of ECM components within the follicles has been poorly described. In the present study, we histochemically demonstrated the changes in localization of interstitial collagens (type I and III collagens) and basement membrane collagen (type IV collagen) and mRNA expression of these collagens during follicular atresia in porcine and bovine ovaries by immunofluorescent and in situ hybridization techniques, respectively.
Materials and Methods

Tissue preparation
Ovaries obtained from gilts and cows at a slaughterhouse were cut into small pieces, put on filter paper, mounted in OCT compound (Miles, Elkhart, IN, USA), and then frozen in dry iceisopentane (Wako Pure Chemicals, Osaka, Japan). The frozen tissue samples were kept at -80 C until use. Serial frozen sections (8 µm thick) were cut on a cryostat (Jung CM1500; Leica, Heidelberg, Germany) and mounted on glass slides precoated with 3-aminopropyltriethoxysilane (Sigma Aldrich Inc., St. Louis, MO, USA).
Immunohistochemistry
Immunofluorescent staining for type I, III and IV collagens was performed. Phosphate buffered saline (PBS, pH 7.4) was used for washing and preparing the incubation media for staining of type I and IV collagens, and 125 mM sodium borate, 75 mM sodium chloride and 5 mM EDTA (BBS, pH 8.0) were used for staining of type III collagen. The slides were air-dried at room temperature (RT, 23-25 C) and fixed in cooled acetone for 10 min at -80 C. After washing, fixed sections were preincubated with non-immune rabbit serum (1/100 diluted with PBS or BBS) for 30 min at RT. After washing, the sections were incubated with each antibody (1/100 dilution) for 18 h at 4 C. Rabbit anti-human skin type I collagen and rabbit anti-human placenta type IV collagen were purchased from Novotec (Lyon, France) and diluted with 4% bovine serum albumin-PBS. Rabbit anti-human cartilage type III c o l l a g e n w a s p u r c h a s e d f r o m R o c k l a n d (Gilbertsville, PA, USA) and diluted with 4% bovine serum albumin-BBS. After washing, the sections were incubated with FITC-conjugated goat anti-rabbit IgG antibody (1/400 dilution; Sigma Chemical, St. Louis, MO, USA) for 90 min at RT. After washing, the slides were mounted with glycerol and examined with a confocal laserscanning microscope. As negative controls, sections incubated without any specific antibody against collagens were prepared in each experimental run.
After staining, the sections were examined with a conventional fluorescence microscope (BX50, Olympus, Tokyo, Japan) and with a confocal laser scanning microscope (Fluoview FV300, Olympus). Adjacent sections from each specimen were stained with hematoxylin and eosin for conventional morphological evaluation.
In situ hybridization
The slides were air-dried at RT, fixed with 4% paraformaldehyde (PFA) in PBS for 8 min, and washed in PBS. Fixed sections (8 µm thick) were incubated with 0.2 N HCl for 10 min, followed by three washes for 5 min each in PBS and digested with proteinase-K (1 µg/ml; Sigma) in PBS at 37 C for 10 min. They were post-fixed with 4% PFA in PBS, immersed in 2 mg/ml glycine in PBS for 3 m i n , a n d w a s h e d i n P B S . S e c t i o n s w e r e prehybridized with 50% deionized formamide in 10 mM Tris-HCl (pH 7.4), 1 mM EDTA, 600 mM NaCl, 1 x Denhardt's solution, 10 mg/ml yeast tRNA, 10 mg/ml salmon testicular DNA, and 5% dextran sulfate (hybridization buffer) for 2 h at 25 C, and then were hybridized with each digoxigenin (DIG)-labeled oligo-DNA probe for mRNAs of type I, III and IV collagens for 18 h at 37 C. The sequences of the oligo-DNA probes for type I, III and IV collagens were TTTTACCTTTGACCAACTGAAC-GTGACCAA, TATGACATTGGGGGTCCTGATC-AAGAATTT and GTACCCCATCTGTGGACC-ATGGCTTCCTTG, respectively. These probes w e r e d il ut e d in hy b r id iz a t io n b uf f er a t a concentration of 1 µg/ml. The sections were washed with 2 × standard saline citrate (SSC) for 2 h, 0.5 × SSC for 2 h and 0.2 × SSC for 1 h at 37 C. They were equilibrated with 100 mM Tris-HCl, pH 7.5, containing 150 mM NaCl (THS) and blocked with commercial blocking reagent (Boehringer Mannheim, Indianapolis, IN, USA) for 1 h at RT in a moist chamber. After drainage, sections were incubated with alkaline phosphatase (ALP)-conjugated sheep anti-DIG antibody (Boehringer Mannheim) diluted 1/500 in blocking solution for 18 h at 4 C. They were washed three times with THS and equilibrated with 100 mM Tris-HCl, pH 9.5, 100 mM NaCl and 100 mM MgCl2 (THSM). Sections were immersed in freshly prepared THSM containing 0.4 mM nitroblue tetrazolium chloride, 0.4 mM 5-bromo-4-chloro-3-indolylphosphate 4-toluidine salt and 1 mM levamisole and kept at 4 C in a dark moist chamber for 12-18 h. Levamisole, an inhibitor of endogenous ALP, inhibited the rem aining end ogeno us AL P activity. The appropriate reaction was verified by microscopy. Finally, sections were immersed in PBS to stop the reaction. The slides were mounted with Histofine (Nichirei, Tokyo, Japan) and examined with a microscope (BX50, Olympus).The specifity of the obtained in situ hybridization signal was verified by parallel incubation with antisense and sense probes. As further negative controls, some sections were hybridized without an antisense probe, and others were processed by omission of the anti-DIG antibody. Both controls yielded completely negative results.
Results
Localization of ECM components
In healthy follicles of bovine and porcine ovaries, weak immunohistochemical reaction against type I collagen was seen throughout the granulosa layers, but extremely strong immunoreactivity was detected in the theca interna layers ( Fig. 1A;  bovine) . In early atretic follicles of bovine ovaries, a strong reaction against type I collagen was seen in the inner area of theca interna layers (Fig. 1B) . Weak immunoreactivity against type I collagen was observed in the porcine theca interna layers (Fig. 1G) . In healthy follicles of bovine and porcine ovaries, moderate immunoreactivity against type III collagen was seen throughout the theca interna layers ( Fig. 1C; bovine) , but no immunoreactivity was detected in the granulosa layers. In early atretic follicles of the ovaries of both species, such immunoreactivity decreased during follicular atresia except for the cells neighboring follicular BM ( Fig. 1D; bovine) . In healthy follicles of bovine and porcine ovaries, strong immunoreactivity against type IV collagen was demonstrated in the follicular BM, the vascular BM in the theca interna layers and the periphery of parenchymal cells of the theca interna layers ( Fig. 1E; bovine) . No marked changes in the immunoreactivity against type IV collagen were observed in early atretic follicles of bovine ovaries (Fig. 1F) , but a marked decrease in reaction was seen in the periphery of theca interna cells of porcine follicles (Fig. 1H) . No positive reactivity was observed in granulosa layers of healthy or atretic follicles in the ovaries of either species.
Expression of mRNAs of ECM components
In healthy follicles of porcine and bovine ovaries, moderate expression of type I collagen mRNA was detected throughout the granulosa and theca layers ( Fig. 2A; porcine) . In early atretic follicles of the ovaries of both species, expression of type I collagen mRNA was not observed in the granulosa layers but was detected in the theca interna cells located near the follicular BM ( Fig. 2B; porcine) .
In healthy follicles of both species, strong expression of type III collagen mRNA was detected throughout the granulosa and theca layers. In porcine follicles, in which the granulosa and theca interna cells make direct contact with the follicular BM, strong expression was characteristically observed (Fig. 2C) . In contrast, scatte re d expression of type III collagen mRNA was detected in the granulosa and theca layers of healthy bovine follicles (Fig. 2E) . In early atretic follicles of both species, no positive reactivity was seen in granulosa cells, and diffuse expression of type III collagen mRNA was demonstrated in the theca interna cells located near the follicular BM ( Fig. 2D;  porcine) .
The expression of type IV collagen mRNA was detected in the granulosa and theca layers in healthy follicles of porcine and bovine ovaries. In healthy follicles of porcine ovaries, the expression was observed mainly in the granulosa layer (Fig.  3A) , and the expression was observed in almost all cells of the theca interna layer and in a few granulosa cells that made direct contact with the follicular BM in bovine follicles (Fig. 3C) . In early atretic follicles of both species, no expression was detected in the granulosa layer, but in the theca interna layer of porcine follicles the expression remained near the follicular BM (Fig. 3B) . In bovine follicles, the expression of type IV collagen mRNA was still observed although its level was decreased (Fig. 3D) .
Discussion
ECM components are considered to be involved in a number of basic cellular functions, such as cell morphology, polarization, proliferation, growth and differentiation, cell survival, and programmed cell death [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . The formation of cell-ECM contacts can provide an important regulatory step in basic cellular processes [22] [23] [24] . The follicular BM, which typically forms a continuous layer and associates with follicular granulosa cells in the ovaries, is highly enriched in type IV collagen, laminin, fibronectin etc. Type I and III collagens (fibrillar and interstitial) are predominant in connective tissues, while typ e IV collagen (network) is exclusively present in the basement membrane [27, 28] . Most of the ECM components in follicular growth, ovulation and atresia have been well investigated, but detailed information Fig. 1 . Frozen ovarian sections of bovine (A-F) and porcine (G and H) follicles were immunohistochemically stained for type I (A, B and G), III (C and D) and IV (E, F and H) collagens. Weak immunoreactivity for type I collagen was seen throughout the granulosa layer in healthy bovine follicles (A), and extremely strong reactivity was observed in the theca interna layer. At early atretic stages, strong reactivity for type I collagen was observed in the inner area of the theca interna layer of the bovine follicle (B), while weak reactivity was seen in the theca interna layer of the porcine follicle (G). Strong reactivity for type III collagen was detected throughout the theca interna layers of healthy bovine follicles (C), while strong reactivity was seen only in the area neighboring the BM (D). Strong reactivity for type IV collagen was demonstrated in BM and the periphery of theca interna cells in healthy bovine follicles (E). No marked changes were seen in early atretic follicles of bovine ovaries (F), but a marked decrease in immunoreactivity was seen in the periphery of theca interna cells of the porcine follicle (H). G: granulosa layer, T: theca interna layer and BM: basement membrane. × 200.
regarding ECM production in the follicles has not been described. Thus, we examined the changes in localization of interstitial (type I and III collagens) and BM collagen (type IV collagen) and expression of these collagen mRNAs during follicular atresia in porcine and bovine ovaries. Previous studies on the follicles of various mammalian species demonstrated immunohistochemically that there was a gradient of localization of steroidogenic enzymes within the granulosa cell layer, in which the granulosa cells closer to the BM contained higher levels of enzymes than those near the antrum [29] [30] [31] [32] . In vitro studies using primary cultured granulosa cells indicated that the cells cultured on ECM-coated dishes produced more estradiol-17β than those cultured in non-coated dishes [33, 34] . Further, type I collagen suppresses progesterone production of porcine granulosa cells and prevents the spontaneous luteinization of granulosa cells [35] . We demonstrated abundant type I collagen expression in the granulosa and theca layers in healthy follicles of bovine and porcine ovaries, and type IV collagen was seen in the theca interna layers close to the BM in healthy follicles of both species. During atresia, the levels of these collagens decreased in porcine follicles, but moderate to strong type I and IV collagen immunoreactivity were still observed in bovine follicles. These observations indicate that BM components support the steroidal synthesis of granulosa cells and parenchymal-endocrinological cells in theca interna layers, and that collagen is more abundant in the theca interna layer of the bovine follicle compared to that of the porcine follicle during atresia. The role of type III collagen in ovarian follicles has, as yet, not been studied in detail. In the present study, interestingly, the expression pattern of type III collagen mRNA was different between bovine and porcine follicles. In healthy follicles of bovine ovaries, scattered expression of type III mRNA was seen in the granulosa and theca interna layers, but in porcine ovaries strong expression of the mRNA was seen in the granulosa and theca interna layers in direct contact with follicular BM. Thus, localization of mRNA expression in ovarian tissues was different between these two species. However, no marked differences were observed in localization of the protein, type III collagen, in ovarian tissues between these two species. Speciesspecific differences were also seen in type IV collagen mRNA expression. Type IV collagen mRNA was mainly expressed in theca interna layers in healthy follicles of bovine ovaries, while it was expressed in granulosa layers of healthy porcine follicles. These findings suggest that the mechanisms of production of ECM components are different between porcine and bovine follicles and the processes of production of type III and IV collagens may contribute to regulation of the milieu of species-specific differences in the granulosa and theca layers of bovine and porcine ovaries.
The present results revealed changes in the ECM p r o d u c t i o n d u r i n g f o l l i c u l a r a t r e s i a , b u t degradation of ECM components were not determined. There have been several reports of activation of matrix metalloproteinases (MMPs), a family of enzymes that degrade ECM components, in the ovaries during ovulation [36, 37] . In a preliminary study, we demonstrated extremely low levels of immunohistochemical expression of gelatinase (MMP-2 and MMP-9) and stromelysin (MMP-3) in healthy and atretic follicles of bovine and porcine ovaries (data not shown). We consider that continuous production of ECM components in follicles is needed for the maintenance and growth of developing follicles, but a degradation system is not needed except for ovulation. Such continuous production is not needed in atretic follicles, and so the production was diminished in the granulosa layers of atretic follicles.
As we previously demonstrated [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , no apoptosis occurred in granulosa cells in tight contact with intact follic ular BM until the progressed stage of atresia in porcine follicles. Such cell-BM contact prevents apoptosis in the granulosa cells of porcine ovarian follicles, indicating that follicular BM acts as a survival factor in porcine granulosa cells. In contrast, the granulosa cells neighboring intact follicular BM began to undergo apoptosis at the early stage of atresia in bovine follicles [11] . Our preliminary results showed that apoptotic granulosa cells are scattered randomly in the granulosa layer in the ovaries of rodents (data not shown). We suggest that it is not the ECM components themselves but ra t h e r t h e p r o c es s o f p r o d u ct i o n o f E C M components that may be important for apoptosis and follicular atresia, and that there are speciesspecific differences in the regulatory mechanisms of granulosa cell apoptosis and the interaction between ECM components and granulosa cells. We conclude that the present results concerning ECM pr od uc tion re fle cted such sp ec ie s-sp ecific differences.
